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HIGHLIGHTS 


•  Fabrication  of  all-solid-state  thin  film  lithium  ion  secondary  battery  using  epitaxial  LiCo02  thin  film. 

•  Control  of  crystal  orientation  of  epitaxial  LiCo02  thin  film. 

•  Observation  of  Li  ion  insertion/extraction  reactions  in  the  thin  film  battery  by  cyclic  voltammetry  measurement. 
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We  demonstrate  the  orientation  control  of  LiCo02  epitaxial  thin  films  deposited  on  (110)-2  x  1  recon¬ 
structed  surfaces  of  Au  and  Pt  by  using  pulsed  laser  deposition.  The  epitaxial  LiCo02  thin  films  have  Co02 
layers  tilted  with  respect  to  the  surface  normal,  which  is  suitable  for  Li-ion  insertion/extraction  reactions 
in  LiCo02.  We  show  the  successful  operation  of  all-solid-state  thin-film  Li-ion  batteries  by  employing  the 
epitaxial  LiCo02  thin  films  as  cathodes.  The  electrochemical  properties  of  epitaxial  films  in  all-solid-state 
batteries  are  improved  compared  to  the  batteries  using  liquid  electrolyte. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  have  attracted  great  attention  for 
future  electrochemical  energy  storage  devices  [1].  Among  various 
types  of  LIBs,  thin  film  LIBs  helps  to  reduce  the  physical  size  of 
sensors  and  electric  device  containing  the  batteries  [2,3  .  Hence, 
many  efforts  have  been  devoted  toward  integration,  miniaturiza¬ 
tion  and  high  performance  of  thin  film  batteries.  Ideal  thin  film 
batteries  would  be  all-solid-state  LIBs  composed  of  epitaxial  thin 
films  from  the  viewpoint  of  high  power  output,  high  energy  density 
and  safety  [4].  Recently,  epitaxial  thin  films  of  electrode  materials 
such  as  LiCo02  (LCO)  [5-8],  LUTisO^  [9—11  ,  and  LiM^CH  12], 
have  been  reported.  However,  many  researchers  face  difficulties  in 
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fabricating  all-solid-state  epitaxial  thin  film  batteries  mainly  due  to 
weak  adhesion  and  high  interface  resistance  between  the  stacked 
films,  and  internal  short  circuit  between  cathode  and  anode  elec¬ 
trodes.  Still  now,  no  report  has  been  done  on  fabrication  and 
electrochemical  evaluation  of  all-solid-state  thin  film  LIBs 
composed  of  epitaxial  thin  films. 

In  this  study,  we  report  to  our  knowledge  for  the  first  time 
successful  battery  operation  of  all-solid-state  thin-film  LIB 
composed  of  epitaxial  cathode  thin  films.  In  order  to  fabricate  thin 
film  batteries,  it  is  crucial  to  control  crystal  orientation  of  epitaxial 
thin  films,  particularly  in  the  case  of  electroactive  materials  with 
anisotropic  transport  properties.  LiCo02  (LCO)  with  a  layered- 
rhombohedral  a-NaFe02  structure  has  been  widely  used  as  a 
cathode  material  for  commercially  available  LIBs  and  is  still  a 
promising  cathode  material  for  all-solid-state  LIBs.  In  the  layered 
structure  of  LCO,  Li  ions  show  a  predominant  two-dimensional 
diffusion  along  the  layers,  whereas  it  is  unlikely  that  Li  ions  jump 
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to  an  adjacent  Li  diffusion  layer.  Indeed,  epitaxial  LCO  films  showed 
a  difference  in  the  charge/discharge  capacity,  depending  on  the 
crystal  orientation  of  LCO  [6].  On  a  SrTi03(lll)  substrate,  the 
epitaxial  LCO  grows  with  a  crystal  orientation  that  the  C0O2  layer  is 
parallel  to  the  substrate,  and  shows  smaller  capacity  compared  to 
other  crystal  orientations.  Hence,  the  Co02  layer  should  not  be 
parallel  to  the  substrate  surface  in  fabricating  thin  film  battery 
using  epitaxial  LCO.  Furthermore,  a  substrate  with  metallic  con¬ 
ductivity  is  required  to  achieve  bottom  contact  in  LIBs.  However, 
there  has  been  no  report  on  the  control  of  the  LCO  crystal  orien¬ 
tation  on  single  crystal  metal  substrates  such  as  Au  and  Pt. 

Here  we  first  demonstrate  the  epitaxial  growth  of  LCO  films 
deposited  on  reconstructed  (110)-2  x  1  substrate  surfaces  of  Au  and 
Pt  by  using  pulsed  laser  deposition  (PLD).  It  is  well  known  that  the 
(110)  surfaces  reconstruct  to  so-called  “missing  row”  structures 
with  2x1  symmetry  13  .  The  reconstructed  (110)  surfaces  consist 
of  alternately-arrayed  {111}  nanofacets  (Fig.  1(a)),  which  lowers  the 
total  surface  energy  since  the  close-packed  {111}  facets  have  the 
lowest  surface  energy  in  case  of  face-centered  cubic  materials.  By 
using  the  missing-row  zigzag  structures  of  surface  reconstruction, 
we  established  a  process  to  control  the  LCO  crystal  orientation  in 
such  a  way  that  it  becomes  suitable  for  smooth  Li-ion  insertion / 
extraction  reactions.  We  evaluate  electrochemical  properties  of  the 
orientation-controlled  epitaxial  LCO  thin  films  using  organic  liquid 
electrolyte.  Then,  we  also  fabricate  all-solid-state  thin-film  LIBs  by 
depositing  thin  films  of  Li  phosphorus  oxynitride  (LiPON)  [14]  and 
Li  as  solid  electrolyte  and  anode  on  the  epitaxial  LCO,  respectively. 
We  demonstrate  the  battery  operation,  and  compare  the  electro¬ 
chemical  properties  of  the  devices  by  cyclic  voltammetry  (CV). 
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2.  Experimental 

We  employed  single  crystal  (110)  substrates  of  Au  and  Pt,  and 
prepared  (2x1)  reconstructed  surfaces  by  extensive  sputter- 
ing-annealing  cycles  in  ultrahigh  vacuum  (UHV)  13].  The  surface 
reconstruction  was  confirmed  by  low  energy  electron  diffraction 
(LEED)  and  reflection  high-energy  electron  diffraction.  The  LCO  thin 
films  were  deposited  by  using  PLD  with  a  polycrystalline  Lii.2Co02 
target  (Toshima  Manufacturing).  A  KrF  excimer  laser  (wavelength: 
248  nm)  with  a  repetition  rate  of  5  Hz  and  a  fluence  of  1.0  J  cm-2  at 
the  target  surface  were  used  for  the  deposition.  During  the  depo¬ 
sition,  the  oxygen  partial  pressure  was  kept  at  1  x  10-6  Torr  and  the 
substrate  temperature  was  room  temperature  (RT).  The  as-grown 
samples  are  epitaxial  films,  but  Li  and  Co  cations  are  randomly 
distributed  along  the  c-axis,  as  discussed  by  Wang  et  al.  15]  and 
Bouwman  et  al.  16].  Hence  the  as-grown  films  were  subsequently 
annealed  at  650  °C  in  air  to  obtain  high  temperature  LCO  phase  [7]. 
The  LCO  films  were  typically  200  nm  thick.  The  crystal  structures  of 
the  films  were  characterized  by  X-ray  diffraction  (XRD)  (NEW  D8 
Discover,  Bruker),  transmission  electron  microscopy  (TEM),  and 
scanning  TEM  (STEM)  (JEM-2010HC  and  JEM-2100F  with  an  aber¬ 
ration  corrector,  JEOL  Ltd.)  [17  .  The  crystal  structures  of  LCO  are 
indexed  on  the  basis  of  hexagonal  setting,  throughout  this  letter. 
The  electrochemical  properties  of  epitaxial  LCO  films  were  exam¬ 
ined  with  coin  type  Li  cells  using  Li  metal  foils  as  anode.  The 
electrolyte  used  was  EC  (ethylene  carbonate)-DEC  (diethyl  car¬ 
bonate)  with  a  molar  ratio  of  3:7  as  a  solvent  and  supporting 
electrolyte  of  1  M  LiPF6.  The  CV  measurements  were  carried  out  in 
the  voltage  range  between  3.0  and  4.3  V  at  a  scan  rate  of  0.1  mV  s-1. 
The  cut-off  voltages  in  charge  and  discharge  measurements  were  3 
and  4.3  V,  and  the  current  was  set  at  1.2  \iA  (approximately  0.33C). 
Furthermore,  we  fabricated  all-solid-state  thin  film  batteries  using 
the  epitaxial  LCO  films.  A  schematic  image  of  the  all-solid-state  thin 
film  batteries  is  shown  in  Fig.  2.  The  solid  electrolyte,  LiPON,  and 
anode  Li  thin  films  were  deposited  on  the  epitaxial  LCO  films  by  RF 
magnetron  sputtering  (RFMS)  and  vacuum  thermal  evaporation 
(VTE),  respectively  [3,18,19].  An  active  area  was  5x5  mm.  After  the 
deposition  of  LiPON  onto  LCO,  the  films  were  annealed  at  180  °C  for 
30  min  in  Ar  atmosphere  to  reduce  the  interface  resistance 
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Fig.  1.  (a)  Schematic  view  of  Au(110)-2  x  1  reconstructed  surface  and  proposed 
alignment  of  domains  #1  and  #2.  (b,  c)  Schematic  views  of  plane  of  LiCo02. 


Fig.  2.  Schematic  image  of  all-solid-state  thin  film  batteries  using  epitaxial  LiCo02  thin 
films  on  single  crystal  (110)  substrates  of  Au  and  Pt. 
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between  UPON  and  LCO  18-21].  The  preparation  of  coin  cells  and 
electrochemical  characterizations  of  all-solid-state  thin  film  bat¬ 
teries  were  done  in  an  argon-filled  glove  box.  The  electrochemical 
characterizations  were  carried  out  using  Solartron  1287  and  Bio- 
Logic  SP-150  cell  test  systems. 


3.  Results  and  discussion 

We  first  discuss  the  growth  of  LCO  on  the  Au(110)-2  x  1 
reconstructed  surface.  Three  different  types  of  orientations  (do¬ 
mains  #1-3)  were  found  in  the  epitaxial  film.  Fig.  3(a)  shows  an 
out-of-plane  XRD  pattern  of  an  LCO  thin  film.  The  (1014)  peak  in¬ 
dicates  that  the  c-axis  of  LCO  is  tilted  by  54°  with  respect  to  the 
surface  normal  (Fig.  3(a)  inset).  It  should  be  noted  here  that  the 
tilting  angle  of  54°  in  LCO  is  very  close  to  the  angle  of  the  {111} 
nanofacets  of  Au,  i.e.,  LCO<0003>//Au{lll}  nanofacets.  This  result 
implies  that  the  zigzag  structure  of  {111}  nanofacets  affects  the 
crystal  orientation  of  LCO.  In  a  0-20  scan  obtained  at  0  =  54°  and  at 
0  being  parallel  to  [001  ]  direction  of  Au  (Fig.  3(b)),  we  found  (0003), 
(0006),  and  (0009)  peaks  of  LCO  and  deduced  the  distance  of  the 
C0O2  planes  to  d  =  14.085  A  from  the  corresponding  values  of  20. 
The  distance  d  of  the  film  was  slightly  larger  than  that  of  the  LCO 
powder  ( d  =  14.051  A)  [22  .  Flereafter  we  call  this  domain  #1. 

Considering  a  twofold  symmetry  of  reconstructed  Au(110)  sur¬ 
face  (Fig.  1(a),  we  can  expect  only  two  domains  of  #l-a  and  #l-b. 
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Fig.  3.  (a)  Out-of-plane  XRD  patterns  of  LiCo02  thin  film  on  a  Au(110)-2  x  1  recon¬ 
structed  surface.  The  inset  shows  the  crystal  alignment  of  Co02  layers  (domain  #1 )  and 
substrate,  (b)  6—26  scan  obtained  at  0  =  54°.  (c)  0-scan  of  LiCo02(0003)  and  Au(lll) 
planes  obtained  at  0  =  54°  and  37°,  respectively. 


However,  the  0-scan  of  LCO(0003)  taken  at  0  =  54°  (Fig.  3(c))  re¬ 
veals  four  peaks:  two  sharper  and  two  broader  reflections.  The  two 
sharper  peaks  of  LCO  originate  from  the  domains  of  #l-a  and  #l-b 
and  the  other  two  reflections  arise  from  the  orthogonally  oriented 
domains  of  #2-a  and  #2-b.  Although  both  c-axes  of  domains  #1  and 
#2  are  tilted  by  54°  with  respect  to  the  surface  normal,  the  epitaxial 
relationships  are  different.  As  demonstrated  later  in  TEM  images, 
the  epitaxial  relationship  can  be  described  as  [1120]lco  (0001  )lco II 
[H0]au  (H1)au  in  domains  #l-a  and  #l-b. 

Here,  we  consider  the  origin  of  the  two  broader  peaks  from 
domains  of  #2-a  and  #2-b.  As  can  be  seen  in  the  schematics  of  the 
atomic  arrangement  in  the  (1014)  plane  (Fig.  1(b)),  the  oxygen 
atoms  form  nearly  a  square  lattice,  thus  forming  crystallites  by  an 
in-plane  rotation  of  90°.  In  the  case  of  domains  #1  showing  sharper 
peaks,  the  lattice  mismatches  between  LCO  and  Au  are  -2.39% 
and  +4.82%  for  the  [110]  and  [001]  directions,  respectively.  On  the 
other  hand,  the  domains  #2  showing  broader  peaks  have  lattice 
mismatches  of  - 1.92%  and  3.52%  for  the  [1 1 0]  and  [001  ]  directions, 
respectively.  In  spite  of  the  larger  mismatches,  the  crystallinity  of 
domains  #1  is  better  than  that  of  domains  #2.  This  fact  also  implies 
that  the  missing-row  zigzag  structure  of  the  reconstructed  surface 
assists  the  stable  formation  of  domains  #1. 

The  evidence  of  the  third  phase  (domain  #3)  can  be  found  in  a 
0-20  scan  taken  at  0  =  37°  (Fig.  4(a)).  We  clearly  see  a  (0003)  peak 
of  LCO  in  addition  to  a  (111)  peak  from  the  Au  substrate.  This  in¬ 
dicates  the  growth  of  small  LCO  domains  #3  with  another  type  of 
crystal  orientation  that  the  c-axis  of  LCO  is  perpendicular  to  the 
{111}  nanofacets  of  the  reconstructed  surface.  Fig.  4(b)  shows  0- 
scans  of  LCO(0003)  and  Au(lll)  taken  at  0  =  37°.  Two  peaks  of 
LCO(0003)  are  observed  along  the  <111  >  directions  of  Au,  sup¬ 
porting  the  epitaxial  growth  of  LCO(0003)  on  the  {111}  nanofacets. 
This  result  is  understandable  considering  the  fact  that  (0001  )-ori- 
ented  thin  films  grow  on  Au(lll )/ Si  substrates  23  .  Taken  together, 
we  found  three  types  of  epitaxial  crystallites  and  six  types  of  do¬ 
mains  in  the  LCO  film.  No  impurity  phase,  such  as  CoO,  Co203, 
C03O4,  or  LiCo204,  was  observed.  In  the  domains  #1  and  #2,  the  c- 
axes  are  tilted  by  54°  with  respect  to  the  surface  normal,  and 
particularly  the  domains  #1  grow  with  its  c-axis  parallel  to  the 
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Fig.  4.  (a)  6—26  scan  obtained  at  0  =  37°.  (b)  0-scan  of  LiCo02(0003)  and  Au(lll) 
planes  obtained  at  0  =  37°. 
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{111}  nanofacets  of  Au(110).  In  contrast,  the  domains  #3  epitaxially 
grow  with  its  c-axis  perpendicular  to  the  {111}  nanofacets,  and  its 
volume  fraction  is  estimated  to  be  approximately  14%.  As  shown  in 
the  insets  of  Figs.  3(a)  and  4(a),  the  C0O2  planes  of  the  domains  #1 
and  #3  are  perpendicular  and  parallel  to  the  {111 }  nanofacets  of  Au, 
respectively. 

Fig.  5(a)  shows  an  out-of-plane  XRD  pattern  of  an  LCO  thin  film 
deposited  on  the  Pt(110)-2  x  1  reconstructed  surface.  The  XRD 
results  of  LCO  thin  films  on  Au(110)-2  x  1  and  Pt(110)-2  x  1 
reconstructed  surfaces  indicated  very  similar  properties.  In 
Fig.  5(a),  the  (1014)  peak  clearly  appears,  and  the  c-axis  of  LCO  is 
tilted  by  52°  with  respect  to  the  surface  normal  (Fig.  5(a)  inset).  The 
distance  d  and  tilting  angle  of  c-axis  are  slightly  different  from  the 
case  on  Au(110).  From  a  6-20  scan  obtained  at  x/y  =  52°  and  at  </> 
being  parallel  to  [001]  direction  of  Pt  (Fig.  5(b)),  we  deduced  the 
distance  of  the  C0O2  planes  to  d  =  14.117  A,  which  is  larger  than  that 
found  on  Au  although  the  lattice  constant  of  Pt  is  smaller  than  Au 
(  fable  1).  Concerning  the  domains  #3,  the  same  tendency  was 
observed  for  LCO  on  Pt(110),  as  shown  in  Fig.  6. 

A  more  elaborate  structural  analysis  was  made  using  TEM  and 
STEM.  Fig.  7(a)  shows  a  bright-held  TEM  image  of  LCO/Au(110) 
taken  along  the  [110]  zone  axis  of  Au.  The  surface  of  the  LCO  him  is 
almost  hat,  and  the  surface  roughness  Ra  was  estimated  to  be 
3.6  nm  from  atomic  force  microscopy  (AFM)  measurements.  A 
selected  area  electron  diffraction  (SAED)  pattern  in  Fig.  7(b)  is 
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Fig.  5.  (a)  Out-of-plane  XRD  patterns  of  LiCo02  thin  film  on  a  Pt(110)-2  x  1  recon¬ 
structed  surface.  The  inset  shows  the  crystal  alignment  of  Co02  layers  (domain  #1)  and 
substrate,  (b)  6—26  scan  obtained  at  \f/  =  52°.  (c)  0-scan  of  LiCo02(0003)  and  Pt(lll) 
planes  obtained  at  0  =  52°  and  37°,  respectively. 


Table  1 

Distance  d  of  epitaxial  LiCo02  films. 


Domain  #1  and  #2  [A] 

Domain  #3  [A] 

Au(110)  (a  =  4.079  A) 

14.085 

14.103 

Pt(110)  (a  =  3.924  A) 

14.117 

14.166 

characterized  by  the  overlap  of  sharp  lattices  from  Au  and  LCO.  Out 
of  the  three  domains  in  LCO,  domains  #1  and  #3  can  have  the 
[1120]  axis  oriented  parallel  to  the  [110]  direction  of  Au,  while 
domains  #2  do  not  show  this  type  of  alignment.  Therefore,  if  the 
interface  is  oriented  along  the  Z  =  [110]  zone  axis  of  Au,  the 
Z  =  zone  axis  pattern  of  LCO  can  be  simultaneously  obtained  only 
for  the  domains  #1  and  #3.  However,  only  the  pattern  from  do¬ 
mains  #1  was  observed,  indicating  that  the  domains  #1  are 
dominant  in  this  region.  Considering  the  size  of  electron  beam  in 
TEM  experiments,  the  size  of  domains  #1  is  about  2  pm  in  width.  A 
high-resolution  STEM  image  of  the  LCO/Au  interface  in  Fig.  7(c) 
reveals  that  the  interface  is  nearly  flat,  and  no  impurity  phase  ap¬ 
pears  such  as  C03O4  at  the  interface.  It  is  clear  that  the  C0O2  planes 
are  tilted  with  respect  to  the  {111}  plane  of  Au,  and  this  region 
belongs  to  domain  #1,  consistent  with  the  SAED  result. 

The  TEM  and  STEM  results  obtained  for  LCO/Pt(110)-2  x  1  show 
more  clear  images.  As  shown  in  Fig.  8(a),  the  surface  of  the  LCO  film 
is  almost  flat,  but  is  partially  composed  of  facets,  as  indicated  by  an 
arrow.  The  surface  roughness  Ra  was  estimated  to  be  1.7  nm  from 
AFM  measurements.  The  LCO  film  shows  domain  boundaries  ver¬ 
tical  to  the  substrate  plane  and  pillar-shaped  domains  with  a  few 
tens  of  nm  in  width.  The  SAED  pattern  in  Fig.  8(b)  is  characterized 
by  the  overlap  of  a  sharp  triangular  lattice  from  Pt  and  circular  arcs 
from  LCO.  Similarly  to  the  LCO  on  Au(110),  the  Z  =  zone  axis  pattern 
of  LCO  can  be  simultaneously  obtained  only  for  the  domains  #1  and 
#3.  Basically,  the  c-axes  of  the  domains  #1  and  #3  are  rotated  by 
52°  and  37°  with  respect  to  the  surface  normal,  respectively. 
However,  the  rotation  angle  is  not  strongly  fixed  to  these  values  and 
variation  is  allowed.  A  sequential  variation  of  the  c-axis  rotation 
angle  results  in  circular  arcs  instead  of  sharp  distinct  spots  in  the 


^(degree) 


Fig.  6.  (a)  6—26  scan  obtained  at  0  =  37°.  (b)  0-scan  of  LiCo02(0003)  and  Pt(lll)  planes 
obtained  at  0  =  37°. 
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Fig.  7.  (a)  Bright-field  TEM  image  of  LiCoO2/Au(110).  (b)  Selected  area  electron 
diffraction  pattern  from  UC0O2  film.  Left  panel:  experimental  pattern.  Right  panel: 
schematic  of  the  respective  components,  (c)  High-resolution  STEM  image  of  LiCo02 
(domain  #1  )/Au  interface.  All  the  TEM  images  and  diffraction  pattern  were  taken  along 
[110]  zone  axis  of  Au. 


SAED  pattern.  An  inspection  of  the  SAED  results  reveals  that  the  c- 
axis  rotation  angle  ranges  from  approximately  35° -65°  with 
respect  to  the  surface  normal,  which  approximately  agrees  with  the 
XRD  results.  In  addition,  the  LCO  film  has  a  double-domain  struc¬ 
ture  (#l(3)-a  and  #l(3)-b)  owing  to  the  twofold  symmetry  of  the 
(110)-2  x  1  surface.  Therefore,  two  types  of  circular  arcs  exist  in  the 
pattern.  The  STEM  image  of  the  LCO/Pt  interface  in  Fig.  8(c)  shows 
that  the  interface  is  nearly  atomically  flat  but  has  some  fine  zigzag 
features  owing  to  the  (110)-2  x  1  reconstructed  surface  of  Pt  that 
was  evidenced  by  LEED.  No  impurity  phase  such  as  C03O4  appears 
at  the  interfaces.  Clearly,  the  C0O2  planes  are  tilted  with  respect  to 
the  {111}  plane  of  Pt,  and  this  region  belongs  to  domain  #1.  On  the 
other  hand,  the  STEM  image  in  Fig.  8(d)  reveals  the  C0O2  planes  of 
LCO  are  parallel  to  the  {111}  plane  of  Pt  and  indicates  that  this  re¬ 
gion  belongs  to  domain  #3.  In  this  region,  the  2x1  reconstruction 
is  not  perfect  and  the  large  {111}  nanofacets  are  formed.  It  seems 
that  the  domains  #3  dominantly  grow  on  the  large  {111}  nanofacet 
region.  This  tendency  implies  fine  surface  structure  of  substrates 
plays  an  important  role  in  growth  manner  and  crystal  orientation  of 
epitaxial  films. 

We  examined  electrochemical  properties  of  the  orientation- 
controlled  LCO  epitaxial  films.  Fig.  9(a)  shows  CV  curves  of  the  Li 
cells  with  LCO  films  and  liquid  electrolyte.  The  six  peaks  at  3.96 
(Cl),  4.08  (C2),  4.20  (C3),  3.86  (Dl),  4.04  (D2),  and  4.16  V  (D3) 
during  charge/discharge  cycles  correspond  to  the  insertion/ 
extraction  of  Li  ions  in  LCO  [24-27].  The  Cl  and  Dl  peaks  are  two- 


LCO  0  [1120] 
>  domain  #3 


large  nanofacet 
3  nm 


Pt  0  [110] 


Fig.  8.  (a)  Bright-field  TEM  image  of  LiCoO2/Pt(110).  (b)  Selected  area  electron 
diffraction  pattern  from  LiCo02  film.  Left  panel:  experimental  pattern.  Right  panel: 
schematic  of  the  respective  components,  (c)  High-resolution  STEM  image  of  LiCo02 
(domain  #1)/Pt  interface,  (d)  High-resolution  STEM  image  of  LiCo02  (domain  #3)/Pt 
interface.  All  the  TEM  images  and  diffraction  pattern  were  taken  along  [110]  zone  axis 
of  Pt. 


phase  reactions,  whereas  the  others  are  single-phase  reactions.  The 
CV  curves  drastically  change  in  shape  with  cycle.  Subsequently,  we 
measured  the  charge  and  discharge  curves  of  Fig.  9(b)  showing 
good  reversibility  between  3  and  4.3  V. 

We  further  fabricated  all-solid-state  battery  by  depositing  a  thin 
film  of  LiPON  as  a  solid  electrolyte  (2  pm  thick)  and  a  thin  Li  film  as 
an  anode  (500  nm)  on  top  of  the  LCO/Au(110)-2  x  1  device  with  an 
active  area  of  5  x  5  mm.  Iriyama  et  al.  reported  that  film  batteries 
exhibited  stable  CV  curves  compared  to  conventional  systems  using 
liquid  electrolyte  [19  .  Hence,  the  CV  measurements  were  carried 
out  in  the  voltage  range  3.0-4.3  V  at  a  scan  rate  of  0.1  mV  s-1.  The 
CV  curves  in  Fig.  10(a)  show  several  sharp  peaks  (Cl -4,  Dl-3),  and 
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Fig.  9.  Electrochemical  properties  of  epitaxial  LiCo02  thin  film  on  Au(110)  with  liquid 
electrolyte  LiPF6.  (a)  Cyclic  voltammogram  at  a  scan  rate  of  0.1  mV  s_1.  (b)  Charge  and 
discharge  curves  at  the  current  of  1.2  |iA  (0.33C).  6  cycles  are  plotted. 


Fig.  10.  Cyclic  voltammogram  of  thin-film  solid-state  battery  of  Li/LiPON/epitaxial 
LiCo02  on  Au(110)  (a)  and  on  Pt(110)  (b).  The  insets  show  stacking  of  thin  films. 


Table  2 

Peak  voltages  and  peak  separation  in  CVs  [V]. 


Cl 

C2 

C3 

D1 

D2 

D3 

Cl-Dl 

C2-D2 

C3-D3 

LCO  with  LiPF6 

3.96 

4.08 

4.20 

3.86 

4.04 

4.16 

0.10 

0.04 

0.04 

on  Au(110) 
LCO  with  UPON 

3.93 

4.07 

4.17 

3.90 

4.06 

4.16 

0.03 

0.01 

0.01 

on  Au(110) 
LCO  with  UPON 

3.93 

4.07 

4.18 

3.90 

4.06 

4.17 

0.03 

0.01 

0.01 

on  Pt(110) 

are  similar  to  the  result  of  Fig.  9(a).  We  also  see  an  additional  peak 
(C4)  at  the  lowest  voltage  of  3.81  V.  This  peak  appears  only  during 
the  first  positive  scan,  and  therefore,  does  not  seem  to  be  directly 
related  to  the  reaction  of  Li  in  LCO.  Although  the  current  is  reduced 
at  the  second  scan,  as  compared  to  the  first  one,  the  second  and 
third  cycles  are  almost  the  same.  Furthermore,  the  fact  that  all  the 
charge  and  discharge  peak  voltages  do  not  change  also  indicates 
good  stability  and  repeatability  in  battery  operation,  in  contrast  to 
the  CV  curves  in  Fig.  9(a).  In  particular,  the  peak  separations  (Cl-Dl, 
C2-D2,  C3-D3)  between  charge  and  discharge  reactions  are  smaller 
than  those  obtained  using  liquid  electrolyte  (Table  2).  In  Fig.  10(b), 
the  CV  curves  of  Li/LiPON/LCO/Pt(110)  are  shown  for  comparison. 
Although  the  distance  d  of  the  LCO  films  are  slightly  different,  the 
CV  curves  show  the  same  tendency.  The  peak  voltages  and  peak 
separations  are  almost  same  as  the  values  found  for  Li/LiPON/LCO/ 
Au(110).  Finally,  we  consider  the  effects  of  orientation-controlled 
epitaxial  thin  films  on  electrochemical  properties.  Iriyama  et  al. 
and  Kuwata  et  al.  already  reported  the  electrochemical  properties 
of  all-solid-state  thin  film  batteries  using  the  (0003)-oriented 
polycrystalline  LCO  thin  films  [18,19,26,27].  Compared  with  the 
polycrystalline  LCO  thin  films,  the  CV  curves  of  Fig.  10  seem  to  show 
sharper  reaction  peaks.  Furthermore,  the  peak  separations  of  0.01  V 
for  two-phase  reactions  (Table  2)  are  much  smaller  than  the  values 
found  for  the  polycrystalline  samples.  This  result  indicates  that  the 
reactivity  is  improved  probably  due  to  the  tilted  crystal  orientations 
in  the  epitaxial  LCO  thin  films. 

To  sum  up,  the  impact  of  the  successful  battery  operation  ach¬ 
ieved  in  this  research  can  pave  the  way  to  investigate  epitaxial 
electrode/electrolyte  interfaces.  One  of  the  most  serious  drawbacks 
that  hinder  the  practical  use  of  all-solid-state  LIBs  is  the  low  Li-ion 
conductance  at  the  electrode/electrolyte  interface.  Recent  in¬ 
vestigations  show  an  improved  conductance  at  the  interfaces  by 
coating  the  electrodes  with  other  materials  [28-30  .  However,  the 
mechanisms  leading  to  an  enhanced  conductance  and  the  material 
design  principle  of  the  interface  are  not  well  understood.  The 
epitaxial  thin  films  offer  ideal  well-defined  interfaces  for  studying 
such  mechanisms  as  well  as  the  effects  of  crystal  orientation  and 
domain  boundaries  in  active  materials  and  electrolytes  on  elec¬ 
trochemical  properties  [31  .  These  studies  would  give  further 
insight  into  the  Li-ion  conduction  mechanism  in  batteries,  which  is 
the  key  issue  for  the  application  of  all-solid-state  LIBs. 

4.  Conclusion 

We  successfully  controlled  the  crystal  orientation  of  LiCo02  on 
the  (110)-2  x  1  reconstructed  substrate  surfaces  of  Au  and  Pt  to 
obtain  the  most  appropriate  orientation  for  ion  conduction  in  LCO. 
The  XRD  and  TEM  results  clearly  indicate  the  epitaxial  growth  of 
LCO  thin  films  with  three  different  types  of  crystal  orientations,  in 
which  the  c-axes  of  LCO  are  tilted  with  respect  to  the  surface 
normal.  The  electrochemical  properties  of  orientation-controlled 
epitaxial  films  were  examined  using  organic  liquid  electrolyte. 
Furthermore,  we  fabricated  all-solid-state  thin  film  LIBs  using  the 
epitaxial  LCO  thin  films,  and  confirmed  the  stable  battery  operation 
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of  the  devices.  The  electrochemical  properties  of  epitaxial  films  in 
all-solid-state  batteries  showed  sharp  reaction  peaks  and  small 
peak  separations,  which  is  much  improved  compared  to  the  case 
using  liquid  electrolyte.  These  studies  pave  the  way  to  a  detailed 
understanding  of  solid  electrode/electrolyte  interfaces,  which  is  a 
critical  factor  in  determining  the  Li-ion  mobility  in  all-solid-state 
LIBs. 
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